The gene encoding a denitrification enzyme, nitrous oxide reductase (EC 1.7.99.6), in Rhizobium meliloti and other gram-negative bacteria was detected by hybridization to an internal 1.2-kb PstI fragment of the structural gene (nosZ) cloned from Pseudomonas stutzeri Zobell (W. G. Zumft, A. Viebrock-Sambale, and C. Braun, Eur. J. Biochem. 192:591-599, 1990). Homology to the probe was detected in the DNAs of two N2-fixing strains of P. stutzeri, two denitrifying Pseudomonas species, one Alcaligenes eutrophus strain, and 36 of 56 R. meliloi isolates tested. Except for two isolates ofR. meliloti, all showed nitrous oxide reduction activity (Nos').
Bradyrhizobium and Rhizobium species are bacteria that fix dinitrogen (N2) in symbiosis with legumes (see reference 2 for a review). They are among the seven N2-fixing genera that contain denitrifying strains (53) . Denitrifiers are facultative anaerobes capable of growth and energy conservation under 02 limitation. This is achieved by the stepwise dissimilatory reduction of nitrate or nitrite as the terminal electron acceptor coupled to proton translocation with the formation of gaseous N products (40) : NO3--*NO2-3NO-N2O-3 N2. Although most denitrifiers possess the four reductases necessary to carry out the complete denitrification pathway, some carry out a truncated one because of their lack of NO3 or N20 reductase (26a) . In the latter case, N20 is accumulated as the end product. The basic biochemistry and genetics of denitrification have been well studied with the model organism Pseudomonas stutzeri Zobell (ATCC 14405 [formerly Pseudomonas perfectomarina]; 15, 50), of marine origin, and the results have recently been summarized by Cuypers and Zumft (13a) . Its denitrification enzymes and corresponding genes (nar, nir, nor, and nos) have been characterized. With the exception of the nar complex, the structural genes of the dissimilatory reductases are closely linked and transcribed in the same direction. They are arranged in the order nos-nir-nor, spanning a distance of less than 30 kb, with the nos and nir structural genes separated by about 14 kb and the nos operon measuring about 8 kb (13a, 25a, 50) .
With the exception of Rhizobium meliloti, apparently few Rhizobium species strains can denitrify, compared with Bradyrhizobium species (34) . In a collection of distinct R meliloti isolates from alfalfa nodules, 48% (57 of 120) showed * Corresponding author.
t Plant Research Centre contribution no. 1435. significant denitrification activity (10) . Recently, denitrification by detached alfalfa nodules and isolated bacteroids (3, 3a) was suggested to be inducible by nitrate, which, when present at relatively low concentrations (c5 mM), was largely metabolized by R. meliloti bacteroids in nodulated alfalfa plants (3) . In the same study, the level of nitrite reductase activity of the isolated bacteroids was estimated to be half that of nitrate reductase; however, nitrous oxide (N20) reductase activity was not studied.
There is little information on the distribution of N20 reductase (EC 1.7.99.6) in R. meliloti strains. All five denitrifying strains tested by Daniel et al. (14) were reported to produce N2 as the end product, implying the presence of N20 reductase and the complete denitrification pathway. N20 is reduced not only by denitrifiers but also by nitrogenase (33) and nondenitrifying N20 utilizers, e.g., Wollinella succinogenes (formerly Vbrio succinogenes; 49). With the exception of nitrogenase, all N20 reductases are periplasmic multicopper enzymes (see reference 51 for a review). The first denitrifying enzyme that was isolated and purified was from P. stutzeri Zobell. Since then, detailed biochemical and genetic studies have greatly extended the fundamental understanding of N20 respiration in this organism (51) . The structural gene for N20 reductase, nosZ, has been cloned and sequenced previously (41, 54) . In an unpublished investigation (30), nosZ was found to hybridize with the DNAs of several denitrifying Pseudomonas species, Alcaligenes eutrophus, and Paracoccus denitrificans, indicating that this conserved nosZ would be a useful probe for screening bacteria with similar N20 reductases. Recently, von Berg and Bothe (43a) reported the successful use of NO2-and N20 reductase DNA probes from A. eutrophus and P. stutzeri to screen for the distribution of denitrifying bacteria in soils. To determine the distribution and significance of denitrification in the symbiotic N2-fixing species R. meliloti, we have used an internal 1.2-kb PstI segment of the N20 reductase structural gene (nosZ) from P. stutzeri Zobell (41, 54) to probe the DNAs of a number of R. meliloti isolates from various geographical locations.
Genes encoding the denitrification enzymes are plasmid borne in A. eutrophus (21, 38a) but not in P. stutzen (50) . To date, there is no fully published investigation of the genetics of rhizobial denitrification. We report here that the N20 reductase structural gene sequence is located on the nod megaplasmid in at least two strains of R. meliloti. In this species, the nod megaplasmid is known to carry multiple genes (nod, nif, and fix) essential for symbiotic N2 fixation (4, 6, 37) . This finding was unexpected, in that genes controlling antagonistic pathways of nitrogen metabolism are thus linked in R meliloti.
(A preliminary account of this work has been presented previously [12] Table 1 ), and SU47 (= RCR2011 or 2011; J. Brockwell, Commonwealth Scientific and Industrial Research Organization, Canberra, Australia). The bacterial strains tested for homology to nosZ of P. stutzen Zobell have been included and referenced in previous publications (5, 8, 11, 45, 46) . Additional strains tested were R. meliloti Rm4l (E. Kondorosi, Hungarian Academy of Sciences, Szeged, Hungary), Bradyrhizobiumjaponicum 61A76 (R. Griffin, Department of Agriculture, Beltsville, Md.), A. eutrophus ATCC 17699 (=H16), and Escherichia coli JM83 (42) and NS220 [=HB101(pNS220)] (41, 54). Other laboratory strains and plasmids used in this work are described in Table 1 . Rhizobium, Azorhizobium, and Agrobactenum species strains were grown aerobically on TYC (tryptone-yeast extractcalcium) medium (17) at 28°C; Bradyrhizobium species strains were grown in YEM at 28°C (17) ; and E. coli was grown in Luria-Bertani medium (38) at 37°C. Nutrient broth or tryptic soy broth was used to maintain and grow Pseudomonas species strains and other bacteria. Agar at 1.6% (wt/vol) was added for solid medium. The antibiotics used were ampicillin (50 ,ug/ml), chloramphenicol (15 ,ug/ml), kanamycin (20 or 40 ,ug/ml), nalidixic acid (10 ,ug/ml), streptomycin (25 pg/ml), tetracycline (5 or 10 ,ug/ml), and rifampin (100 ,ug/ml).
Bacterial conjugation. Tripartite matings in patches on TYC plates were used to transfer the pBR322-based plasmid pRWRm74 from E. coli to R. mehloti for site-directed DNA recombination (13) . Tcr Kmr exconjugant R meliloti colonies were repeatedly subcultured in liquid medium to allow for recombination and were monitored for the appearance of Tcs Kmr colonies by plating. Replacement of the 4.2-kb BamHI fragment and loss of the cloning vehicle were verified by Southern hybridization. Transfers of cosmids from E. coli to R. meliloti in tripartite matings were carried out with the helper plasmid pRK2013 (18) or pRK600 (19) .
DNA manipulations. Recombinant plasmid DNA was extracted from E. coli as previously described (46) . DNA digests, ligations, and transformations were performed according to the method described by Sambrook et al. (38) .
Genomic DNAs of R. meliloti strains were isolated from 5-ml cultures, restricted with endonucleases, and probed in Southern blots as previously described (47) . DNA [43] ) on the basis of a procedure previously described (10) . Medium modifications (per liter) were FeCl3 6H20 (5 mg), CUSO4. 5H20 (2.5 mg), Na2MoO4. 2H20 (25 mg), monosodium glutamate (1.1 g) as N source, mannitol (3.64 g) as C source, and vitamins (biotin, pantothenic acid, and thiamine at 20 ,ug each). Glucose (20 mM) was used as a carbon source for other cultures. Each culture was evacuated and backfilled three times with N2 (zero-gas grade; Matheson Gas Products, Ottawa, Ontario, Canada) to atmospheric pressure (101.3 kPa) through sterile 0.2-pum-poresize Gelman Teflon syringe filters. One-tenth of the headspace volume was then replaced with sterile 1% N20 in N2.
The headspace N20 in the cultures and uninoculated controls was monitored for up to 48 h of incubation by electron capture-gas chromatography as previously described (9) . The amount of cell protein was determined by the Lowry method according to the procedure described by Chan and Marshall (11) . The mean specific activity for duplicate cultures was computed and expressed in nanomoles of N20 reduced per milligram of protein per hour.
RESULTS
Detection of nosZ homology in nonrhizobial gram-negative bacteria. To ascertain whether the nosZ probe (1.2-kb PstI fragment of pNS220) from P. stutzeri Zobell (41, 54) would be generally useful for the detection of nosZ-like genes, Southern blots of restricted total cellular DNAs of pseudomonads and other nonrhizobial gram-negative bacteria were probed ( Table 2) .
Two N2-fixing strains of P. stutzen, CMT.9.A (29) and JM300 (5), were shown to have homology in PstI fragments of the same size as the probe, suggesting that the nosZ gene is conserved in this species. However, no homology was detected in P. stutzeri ATCC 17832, which lacked N20 reductase activity (Nos-) but was still capable of denitrifying nitrate. The probe also hybridized to PstI restriction fragments of different sizes in another two of seven Pseudomonas species, one of which (Pseudomonas diazotrophicus H8) is known to fix N2 (44) . Homology in A. eutrophus ATCC 17699 but not in ATCC 17706 was detected. No homology in any of the enteric species tested was detected.
All of the strains that showed DNA homology to the nosZ probe were shown to be Nos' denitrifers (Table 2) . Con- versely, no homology to nosZ was detected in any Nosstrain, regardless of denitrification capability. Denitrifiers such as Pseudomonas aureofaciens and Pseudomonas chlororaphis are known to be Nos- (22) and to lack N20 reductase (28, 31) . Such observations were corroborated by the failure of these species to hybridize with the nosZ structural gene probe. Thus, hybridization with the nosZ probe and N20 reduction activity were positively correlated in the nonrhizobial strains tested and indicate the presence of functional nos genes.
R. meliloti strains and other members of the Rhizobiaceae family. By hybridization, it was shown that the P. stutzeri nosZ probe possessed homology to the DNAs of 64% (36 of 56) of distinct R. meliloti isolates from various geographic is unlikely that they possess an N20 reductase different from that of R. meliloti. Not every strain listed in Table 3 was tested for nitrate or nitrite respiration; hence, the percentage of denitrifying strains in this collection is unknown.
The positive correlation between nosZ hybridization and the Nos' phenotype in the various R meliloti isolates demonstrated the usefulness of the nosZ probe for detecting functional N20 reductases. However, two exceptions (isolates DMG118 and MBA25) were found in which N20
reductase activity was not detected despite clear DNA homology with the probe (Table 3) . Genomic location of sequence homology with nosZ in R. meliloti JJ1c1O and SU47. To determine the genomic location of homology with the nosZ probe in R. meliloti, Southern hybridization experiments with Agrobacterium tumefaciens transconjugants carrying either the nod or the exo megaplasmid of R. meliloti were performed. The nosZ probe hybridized strongly with a distinct 23-kb EcoRV DNA fragment of R meliloti JJ1c1O and SU47 genomic DNAs (Fig. 1) (Fig. 2) . A derivative of pRWRm71, pRWRm74, was made in which the vector was switched from pUC19 to pBR322 for mobilization into R. meliloti, and in which the internal 4.2-kb BamHI segment was replaced by a 1.7-kb BglII fragment from Tn9O3 conferring kanamycin resistance (Table 1 ; Fig. 2 ). By mating HB1O1(pRWRm74) with JJ1c1O and SU47 in the presence of a helper plasmid to assist conjugal transfer, site-directed deletion mutants were obtained from the exconjugants by recombination, resulting in the loss of the wild-type R. meliloti sequence and pBR322 (Fig. 3) .
The deletion mutants (RmRW2267 and RmRW2273) were found to be Nos-, and the wild-type Nos' activity was restored by the introduction of pRWRm67 (Table 4) . These results clearly show that the denitrifying strains JJ1c1O and SU47 were Nos' only when they contained DNA homologous to the 4.2-kb segment of JJ1c1O which was deleted in pRWRm74 ( Fig. 3 ; Table 4 ). Therefore, the BamHI segment contains sequences essential for N20 reduction in these strains. Subsequently, a 1.2-kb SalI-SphI subfragment in which homology to the nosZ probe was exclusively found was mapped (Fig. 2) . Cosmid pRWRm67 also conferred
Nos' activity to R. meliloti ATCC 9930, which is capable of denitrifying nitrate to N20 only, and to Balsac, which is a nondenitrifying strain (Tables 3 and 4 ) (10) . The location of the region homologous to nosZ of P. stutzen in the nod megaplasmid of R. meliloti SU47 was determined by hybridization of the nosZ probe to pGMI42, which is an RP4 prime carrying 285 kb of the nod megaplas- Table 4 probed with 32p-labeled pRWRm7l.
Lanes 1 to 8 demonstrate site-specific exchanges of DNA from pRWRm74 for the wild-type regions in R. meliloti strains JJ1c10 and SU47 and transfer of pRWRm67 to the constructed Nos-mutants. mid (pRmeSU47a) of SU47 (6, 25, 36) ; cosmid pRWRm67, which carries the homologous region of JJ1c10; and its subclone, pRWRm71. Parity between JJ1c10 and SU47 in this DNA region was demonstrated by juxtaposing the partial physical map of pGMI42 with those of pRWRm67 and pRWRm71 (Fig. 4) . In pGMI42, the nos region was thus mapped to be within EcoRI fragment 8a (10.1 kb, equivalent to the insert of pRWRm67) and HindIII fragment 4 (26) . As expected, Nos' activity in both ATCC 9930 and Balsac was also conferred by pGMI42 (Table 4) .
DISCUSSION
We have shown by DNA probing that sequences homologous to that of nosZ of P. stutzeri are present in many gram-negative denitrifying bacteria, including those capable of fixing N2. Excellent positive correlation was found between N20 reduction activity and the presence of a nosZlike sequence, thus demonstrating the usefulness of the nosZ probe for screening bacteria for copper-containing N20 pGMI42 is an RP4 prime carrying a 285-kb fragment of the R. meliloti SU47 nod megaplasmid (25) . pRWRm67 is a cosmid of R. meliloti JJ1c1O. The subclone, pRWRm71, carries homology to nosZ as shown in Fig. 2 . The fixGHIS (26) and the niJHDK promoter (6) regions (not shown) are located about 20 kb to the left and 200 kb to the right, respectively, of HindIII fragment 4. reductases similar to that of P. stutzeri. In the present study, none of the bacterial strains found to be capable of N20 reduction lacked DNA homology to nosZ. Recently, a copper-independent N20 reductase was implicated in Flexibacter canadensis (27) , the DNA of which was found to lack homology with nosZ (32) . However, two isolates of R. meliloti lacking N20 reductase activity showed good homology to the probe (Table 3 ). It is speculated that their Nosphenotype is due to genetic defects located outside the structural gene region related to N20 reduction. DNA sequence not involved in N20 reduction but with homology to nosZ has not been reported.
About two-thirds of the R. meliloti isolates tested in the present work were shown to possess N20 reductase activity and presumed to be denitrifying strains. The ability to reduce N20 as a diagnostic test for denitrifying R. meliloti is qualified by the possible existence in this species of N20 utilizers which are not true denitrifiers. A few denitrifying strains (e.g., ATCC 9930) are known to be capable of reducing nitrate or nitrite but not N20. Such strains would be excluded by the N20 reduction test as denitrifiers, but their proportion (although not determined) is probably small. 
